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PREFACE
WELCOMING REMARKS TO PARTICIPANTS

Justin H. McCarthy
David W. Taylor Naval Ship Research and Development Center
Bethesda, Maryland, USA

On behalf of the Commanding Officer, Captain Barrick F. Tibbitts, and the
Technical Director, Dr. Alan Powell, I welcome you to the David W. Taylor
Naval Ship Research and Development Center (DTNSRDC).

For the next two days we will be engaged in the Center's Second Workshop
on Ship Wavemaking Resistance Computations. There are twenty-one papers to be
presented: Seven from Japan, one from the Republic of China, one from France,
one from the United Kingdom, and eleven from North America of which two are from
Canada. For those of you who have travelled long distances we are very
grateful, for the subject of the Workshop is truly of international interest.

The present Workshop is the third in four years. The First Workshop was
held at DINSRDC in 1979 and was soon followed by a Continued Workshop held at
Shuzenji, Japan in 1980. Many impressive results were presented at the earlier
Workshops. However, it was apparent that large differences existed between the
predictions of wave resistance by the various methods, even when the same or
closely related theories were used. The goal of the present Workshop is to shed
further light on the differences and hopefully pave the way for more reliable
prediction methods.

There are a number of reasons for convening workshops on the prediction of
wavemaking resistance, a classical and important problem of ship hydrodynamics.
First, because of the diversity of methods under development, valuable exchanges
can be made between method developers in a workshop format. Second, establish-
ment of a "Bank" of numerical predictions for a select group of hull forms can
help in the evaluation of new methods, and thus promote progress. Finally, the
present Workshop seems especially timely because progress has been made rapidly

in the past few years and a number of first generation numerical methods are now
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operational.

The goals of the present and previous Workshops have been subscribed to and
enthusiastically supported by members of the Resistance Committee of the
International Towing Tank Conference (ITTC). The committee is currently
assembling an experimental data base on the resistance components of and flow
about four baseline hull forms, using information supplied by ITTC member orga-
nizations. Some of the data are reported at the present Workshop. All of the
data will be reported in 1984 and should be useful in evaluating analytical and
numerical methods for predicting the components of ship resi;tance.

Again, I welcome you all to the Workshop, wish you success, and invite you

to take part in free discussions and exchanges of ideas.
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SECOND DTNSRDC WORKSHOP ON SHIP WAVE-RESISTANCE COMPUTATIONS

INTRODUCTION

Francis Noblesse
David W. Taylor Naval Ship Research and Development Center
Bethesda, Maryland, USA

The object of this introduction is to provide a brief overview of the
studies that were presented at the Workshop and are included in these Proceedings,
of the theoretical and numerical methods that were used, and of the hull forms for

which calculations were performed.

HULL FORMS

A main goal of both the present and the previous Workshops was to develop
a "bank of numerical results” for a few selected hull forms. The creation of
extensive sets of numerical results, together with corresponding sets of experi-
mental values, indeed is extremely important, if not indispensable, for objec-
tively evaluating the merits and limitations of the various existing methods of
wave-resistance calculation, and for progressing towards the development of
reliable and practical calculation methods.

Five hull forms were suggested for the Workshop. Two of these five hull
forms were easy choices since they had already been used by a large number of
Participants at the first Workshop in 1979, and extensive experimental values
are available. These twc hulls are the Wigley parabolic hull and the Series 60
block coefficient 0.60 hull, that are defined in detail on pages 89-91 and pages

95-100, respectively, in Volume 1 of the Proceedings of the 1979 WOrkshop.1

The
other three "suggested hull forms™ were proposed on the basis of suggestions
received in response to the first announcement for the Workshop.

Two vertical cylinders (infinite draft), one with a round-ended elliptical
waterline and the other with a sharp-ended lens-like waterline in the shape of

an ogive (consisting of two arcs of circle), were suggested by Dr. Eiichi Baba

for use in the low-speed theories (the zero-Froude-number potential is given by



simple analytical expressions for these two vertical cylinders). Both cylinders
have beam/length ratio, b, equal to 0.15. Specifically, the equations of the
waterlines are given by y = i(b/2)(1—4x2)1/2 and y = (1) {[(l'*‘bz)2/41)2"4‘}(2]1/2 =
(l—b2)/2b}, where -1/2 < x < 1/, for the ellipse and the ogive, respectively.

A fully-submerged body was suggested by both Dr. Ming Chang and Professor
Daniel Euvrard. Calculations for a fully-submerged body are far simpler than for
a free-surface piercing hull since the major difficulties arising from the inter-
section between the hull surface and the free surface obviously are eliminated.
In this sense, a fully-submerged body may provide a useful intermediate test
case for the development of a numerical method. A prolate spheroid with a 5 to
1 ratio of length to midsection diameter and a ratio of submergence depth (mea-
sured from the axis of the spheroid to the undisturbed free-surface level) to the
midsection diameter of 0.792, for which there already exist both experimental

2 and theoretical results by FarellB, was then proposed.

data by Farell and Guven
Specifically, the spheroid is defined by the equation (yz+z2)1/2 = 0.1 (1—4)(2)1/2
where —LQ.< x € 1/2, and the mean free surface is the plane z = 0.1584.

Finally, a simple strut—like hull form having constant draft, rectangular
framelines, and a substantial parallel middle body, and that is sharp at one
end and round at the other end, was proposed. It was also suggested that
calculations be performed for both cases when the hull moves with the sharp end
ahead (sharp bow/round stern case) and with the round end ahead (round bow/sharp
stern case). Specifically, the waterline of this strut—like hull form is defined
by the equations y = *(b/2)8x(1-2x) for l/4 < x < lfp, y = tb/2 for -1/4 < x < 1/4, and
y = *(b/2) [1—16(x+1/4)2]1/2 for -1/ < x < -1l/4, where the beam/length ratio, b, and the
draft/length ratio, d, are taken as b = 0.15 and d = 0.075.

In these Proceedings, fourteen papers present either numerical (twelve
papers) or experimental (two papers) results for the Wigley hull; eight papers
provide numerical results for the Series 60 hull; and the vertical cylinders,
the strut-like hull form, and the submerged spheroid are considered in five, four,
and three papers, respectively. 1In addition, numerical results are also pre-
sented for the HSVA tanker (one paper) and the high-speed ATHENA hull (one paper)
for which calculations were performed at the 1979 Workshopl, for two hull forms
having a transom stern and a bow dome (two papers), and for a bulk carrier (one
paper), strut-like hull forms (two papers), vertical elliptical cylinders (one

paper), and fully-submerged bodies (one paper).



NUMERICAL METHODS

Two of the twenty-one papers included in these Proceedings present experimen-
tal data for the Wigley hull and one paper presents a comparison of experimental
data with numerical results obtained in two other papers by using different
numerical methods. The remaining eighteen papers present theoretical and numerical
results, These eighteen papers may be classified into four main groups, as
follows: seven papers present results based on either a thin-ship (four papers) or
a slender-ship (three papers) approximation of some kind, five papers can be
grouped under the heading "Neumann-Kelvin theory™, three papers make use of
"Rankine-source distributions”, and three papers are based on the "finite-
difference method”.

This classification, like most such classifications, is arbitrary to some
extent, and indeed there are close similarities among the foregoing four groups
of methods that might warrant a different classification., 1In particular, the
methods classified under the headings "thin- or slender-ship approximations” and
"Neumann-Kelvin theory™ rely upon the use of the Green function, G, associated
with the usual linearized free-surface boundary condition 3G/az+F232G/3X2 = 0.
Thus, twelve papers (7+5) out of eighteen, that is two papers out of three, make
use of the Michell-Havelock Green function. The methods classified under the
headings "Neumann-Kelvin theory” and "Rankine-source method"” are also closely
related. TIndeed, both of these methods are "boundary integral equation methods"”
in which the Laplace equation is used to formulate an integral equation of some
sort, and that integral equation is solved numerically in one way or another.
The major difference between the "Neumann-Kelvin method” and the "Rankine-source
method"” is that the former method relies upon the Michell-Havelock Green function
whereas the latter method simple uses the Rankine-source Green function G = -1/47R.
It may then be seen that eight papers (5+3) out of eighteen, that is about one

paper out of two, are based upon the "boundary integral equation method”.

ARRANGEMENT OF PAPERS

In these Proceedings, papers have been arranged in accordance with the
foregoing classification into "experimental papers” and four groups of "theoretical
papers”. Specifically, the papers are ordered in the following sequence: two papers

presenting experimental data for the Wigley hull, four "thin-ship approximation”



papers, three "slender-ship approximation” papers, five "Neumann-Kelvin theory"
papers, three "Rankine-source method” papers, one paper that presents a comparison
of experimental data with numerical predictions obtained by using the Rankine-
source method and a simple slender-ship approximation, and finally three

"finite-difference method" papers.

COMPARISON OF RESULTS

A major purpose of both the present and the previous Workshops is to pro-
vide a basis for comparing various sets of numerical results with one another,
and with corresponding experimental values whenever available. A fairly large
body of numerical results have now been obtained, notably for the Wigley hull
(for which a sizable body of experimental data now also exists) and for the
Series 60 Cg = 0.60 hull. A significant amount of time thus is required for
performing a detailed comparison of all available experimental and theoretical
values for the several hull forms considered at this and the previous Workshops.
Preparation of such a comparison has therefore been postponed in order not to

unduly delay the publication of these Proceedings.
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The Summary of the Cooperative Experiment
on Wigley Parabolic Model in Japan

The executive members

H.Kajitani and H.Miyata
The University of Tokyo

M.Ikehata

Yokohama National University

H.Tanaka and H.Adachi
Ship Research Institute

M.Namimatsu and S.Ogiwara

Ishikawajima-Harima Heavy Industries Co.,Ltd.

Abstract

The 16th ITTC Resistance Committee made a proposal of cooperative experimental
research program for ship resistance and flow around hull to construct standard data
base. In Japan three organization, the University of Tokyo (UT), Ship Reseach
Institute(SRI) and Ishikawajima-Harima Heavy Industries Co.,Ltd.(IHI) responded to
the proposal of the Committee and Yokohama National University(YNU) joined this
program in the later time . They conducted the experiments on Wigley parabolic
model in order to investigate the scale effect of ship resistance using geosim models
of a 6 m length in IHI, 4 m length in SRI, 2.5 m length in UT and 2 m length in YNU.
The experiments were separately performed on the following items and cooperatively
analyzed,

(1) Resistance test

(2) Wave pattern analysis

(3) Wake survey

(4) Wave profile measurement

(5) Pressure measurement on hull surface



YNU separately performed the measurement of boundary layer around the hull.

The report of the cooperative experiment was presented to the Resistance
Committee of the 17th ITTC at Varna, Bulgaria in September, 1983. This paper
describes the summary of the report extracting principal data of experiments in ord;ar

to serve as a reference for the theoretical prediction of ship resistance.

Nomenclature

Ct Ry /Zif U'S Total resistance coefficient
Cw Rw/%}’UIS Wave resistance coefficient derived from towing test

Cwp Ruxg/%j’UzS Wave resistance coefficient derived from wave pattern analysis

Cro Frictional resistance coefficient (Schoenherr)

Crr Resistance coefficient derived from integrating hull surface pressure
Cp Pressure coefficient = (p—p{))/,ifUl

Fn Froude number = U/y gL )

S Wetted surface area at rest defined by S=Cs.L(2D+B) Cs=0.661
L Waterline length (=Lpp for Wigley model)

B Beam at midship

D NDraft at midship

H,Ho Total head (H,=U/g)

Rn Reynolds number = LU/y

THL Total head loss =(H,-H)/Ho

U Model speed of advance

b B/2

de, Adg Draft at FP, its increase from the rest

dy, adp Draft at AP, its increase from the rest

g Gravitational acceleration = 9.8 m/sec”

k Three dimensional form factor on flat plate skin friction

ko Wave number = g/U*



Ao -

FX
S-FR.T-FX

L/2

Trim (positive for bow up) = (dp-dg)/L
2k, L.t

Sinkage = (adg+adp)/2L

2ko-L.s

Nondimensional wave elevation = k‘,S(x)
Wave elevation

Kinematic viscosity

Mass density

Coordinate system fixed in space
Coordinate system fixed in ship

Free to sink and trim

Fixed to sink and trim

Free to sink, fixed to trim



1. General notes

A) Model size

IHI  SRI uT YNU
L (m) 6.0 4.0 2.5 2.0
B (m) 0.6 0.4  0.25 0.25
D(m) | 0.375 0.25 0.156  0.125

Hull form; y = B/L [l—(Zx/LfJ [l-(z/D)z}

B) Items of experiment
HI SRI uT YNU
1 Resistance test FR | FR,FX|FR,FX, S-FR.T-FX | FR,FX
2 Wave pattern analysis FR | FR,FXj FR,FX, S-FR.T-FX | FR
3 Wake survey FR FR FR FR
4 Wave profile on hull FR | FR,FX|FR,FX, S-FR.T-FX
5 Pressure on hull FR FR FR, FX
C) Boundary condition
IHI SRI uT YNU
Turbulent stimulator stud
Height*Spacing (mm) at x/1=-0.9 | 3*10 3%10 2*10 2%10
Tank section, BT*DT (m) 10*5 18%8 3.5%2.,35 | 8*3.5
Towing height from keel (mm) 330 235 103
Speed measurement Current ! Ground | Ground | Ground
speed i speed speed speed




2. Results of resistance test and wave analysis

Figure 1 shows the total reststance (C+),frictional resistance(Schoenherr,Cgp), wave
resistance (Cw) and wave pattern resistance (Cwp) for three models of 6.0m, 4.0m
and 2.5m length on the condition of free to sink and trim (FR). Wave resistance is
derived using form factor on skin friction.
Wave pattern resistance is derived by the method of Newmwn-Sharma. Distance of
measuring plane of wave profile from the center line of the model is as follows,

| IHI SRI UT YNU

y/1 I ee7 1.0 L4 4.0

Figure 2 shows Cy ,CFO,C\J\I/ and Cwp for two models of 4.0m and 2.5m length on the

condision of FX.

Figure 3 shows Cy ,Cgo,Cw and Cwp for the 2.5m length model on the condition of
FR, FX and S-FR,T-FX .

Figure 4 shows the sinkage and trim of three models of 6.0m, 4.0m and 2.5m length.

Figure 5 shows C+,Cgo ,Cw and Cwp of the 2.0m length model on the condition of
FR and FX.,
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3. Results of wake survey

Condition of wake survey

| HI

SRI uT

YNU

Position of measuring

section from AP (x/1) 1.0

1.0 1.0

1.0

Froude number

Water Temp(OC )

IHI (FR) 0.267 0.316 16.6
SRI (FR) 0.250 0.267 0.289 0.316 10.6
UT (FR) 0.250 0.267 0.289 0.316 20.9
YNU (FR) | 0.230 0.276 0.309 0.343 0.377

Figure 6 shows an example of the contour of nondimensional total head loss (H -H)/H

for three models of 6.0m, 4.0m and 2.5m legth on the condition of FR.

Figure 7 shows an example of comparison of horizontally integrated total head loss
for three models of 6.0m, 4#.0m and 2.5m length.
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Results of wave profile measurement on the hull

Condition of measurements

Froude number
IHI (FR) 0.250 0.267 0.289 0.316
SRI (FR) 0.250 0.267 0.289 0.316
SRI (FX) 0.250 0.267 0.289 0.316
UT (FR) 0.250 0.267 0.287 0.316 0.354 0.408
UT (FX) 0.250 0.267 0.28% 0.316 0.354 0.408
UT(S-FR.T-FX)|0.250 0.267 0.289 0.316 0.354 0.408

Figure 8 shows the comarison of wave profile on the hull on the condition of FR,
where § is nondimensional wave elevation ( = gS(x)/Uz)

Table I gives nondimensional wave elevation for three models of 6.0m ,4.0m and 2.5m
length.
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Fig.8 The comparison of wave profile on the hull
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Table I The nondimensional wave elevation on the hull

z

gB/U Free L=6.0m (IHI)

2XA |[AN- 250 | FN- 267 | FN- .289 | FN- 316

~1.000 A77 .218 .149 .1e9

-.9%0 .378 .40 .3 .306

-.50 .374 .373 . .33

-0 281 .24 .20 .2

-.8%0 .151 .113 .188 237

-.700 -.077 -.131 -.01i8 .68

-. 600 -.174 -.183 —-.149 -.o71

~-.50 -.191 -.134 ~.181 -.147

-. 400 -.120 -.091 -.157 | -.163

-.3® -.050 -.a21 -.108 -.162

-2 -.016 .@34 -.056 -.111

- 120 22 .o24 -.020 )

.ex .014 ~. 044 812 -85

.10 -.027 -.081 -.003 -.e21

. 200 -.e73 -.079 - o3

.30 -.886 -. 068 -.050 -. 03

.4 -.030 -.035 -.070 -.015

.50 ~-.056 -.013 -.078 -.827

.60 ~.046 -. 004 -.078 -. 043

.70 -.003 -.011 -.057 -

.80 012 ~.031 -.037 ~-. 0S8

&0 .013 -.031 ~.013 -.054

.90 827 .o 013 -.841

.90 070 05 872 .o

1.000 187 .184 | .19 .en7

2 q

g%/U" Free L=4.0m (SRI) gj/Uz Fixed L=4.0m (SRI)
2XA. | AN= 250 | FN= .267 | PN .289 IFN. .316 2XA. [PN= 250 | FN= 267 | RN= 283 | FN= .316
-1.000 213 A .121 120 -1.00 192 -1 -186 .15
-.93 .397 35 .370 327 ~.930 .440 3R 488 .30
~-. 5@ .338 . 340 .333 .35 -. 9 .368 .33 .324 .32
-8 223 245 .266 275 -. 80 248 .22 258 27D
-5 .074 130 173 .212 ~. 80 ie4 -133 .192 .25
-7 -.127 -.855 -.021 .e47 -7 -.136 -.om -.co5 .85
-. 680 -192 -.172 -.141 -. 090 -.600 -.160 -.168 ~-.132 -.075
- -.132 -.181 ~-.176 -.151 -.5m -.120 ~17S -.168 -.140
—. 400 -.0c0 —-.113 -.142 -.173 —. 400 -.032 -.112 -.144 =15
-. 20 -.003 —. 8 - 045 - 103 -2 -.016 .c0 -. -.10
o) -.064 -.017 -.228 ~o2 .20 -.056 -. 007 -.012 -.02
.2m -.087 -. 59 - 28 —o20 .20 -.032 -.070 -.e24 -.0%
.4 -.934 - 0% - 061 - 03 . 400 -.088 -7 -.072 -.B15
.5 -.011 ~-. 061 -.285 -.033 . 500 -.072 -. 063 ~-.284 -.035
.60 -.008 -.03 -.074 ~.043 602 —.248 -. 043 -.084 -.085
.78 -.023 -2 -.241 ~-. 050 .70 008 .014 -.054 -.05
LB -.035 .013 ~.030 ~. 062 .80 .016 o7 -.042 ~.060
LB -.029 o3 -.022 -. 062 B .16 .o ~-.@24 -.0D
.0 -.029 215 011 -0 .0 024 o7 05 -.05
.90 037 .07 .113 -.03 .90 ) Yo .84 -.02
1. 000 182 13 .149 076 1.0¢0 224 .154 .162 -.e75
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Table 1 Continured
gy/u* Free L=2.5m (UT)
x| Fu- 20| FN- .267 | PN- 289 | FNe .316 | A 354 L Fne Lac8
-1.000 232 . 208 192 .17 .133 .31
Zlom .410 33 374 13 257 2o
-9 1360 37 365 3% 324 om0
= 232 1265 .288 ‘Z=s =) 274
- 8m L0391 e Y-~ 2z 121 o3
-T2 -l@24 W o771 13 184 55
-7 -.100 = ) =) ‘128 i
-.650 -.151 -12% -.068 -lo13 ‘oe2 8 T7;
-6 -1151 -.160 -116 -, 063 Y] .o61
-.5m -112 -.1a8 -1154 -1z -.ess -.018
-lam -.035 - o81 -125 -15% -130 -.067
-.%D -.243 -.013 -.oT7 -3 -137 -
- 200 -.043 ‘a2t -.039 -7 -1132 ]
-lm - 018 E= -leid - 056 -117 -1
Lo -.e32 ez .o -034 - 098 -3
100 -.070 -o12 ) = -.o73 -.119
) -.om -0% -.o11 = -.247 -.110
Sm -.p44 -.078 -.03 ) -lees -.08
lac -le17 -lo67 -.049 = -.015 -.o®
s -.e03 -85 -3 -.015 -.006 -.067
.&aa -2 -.oio -.253 -3l -2 -3
17 -le23 lo® -.252 -lom| -.pe2 -.6%
. 800 -.e23 i TE] -.e21 -85 -lees ~loas
= -l837 047 @21 -les -.e15 -.a25
= o7s oz 045 -3 | 010 ‘o
1.0 178| 160 1161 05 | oS | S
U* Fixed L=2.5m (UT)
g
2XA | A= .258 | FNe 267 |BN= .289 |FN= .316 |PN= .354 |FN- 408
-1.000 .3e7 .24 192 .160 .128 .85
oz 397 38 326 312 256 2B
- 522 326 3% 346 7 327 \2%8
- B \218 224 258 1264 263 274
-8 et 1ot 163 e 213 )
-7 ~.064 -io11 eS8 1 154 am
g ~.141 -.09 -.218 024 030 1.
-6z -1175 -1 -.885 -l o3 =
- 600 -179 -l163 -.134 -0 -2 83
-.50 -.128 -157 -1163 -1a4 -1e2 =
-lam -lo5t -i112 -l144 -.160 -l141 -
-3 e26 = -2% -13% -.141 -1
-2 ‘013 -.o11 -.058 -4 -l134 -115
- -.02%6 .03 -.013 -2 -.115 -12
e -.e77 -2 -.0i0 —.p48 -.09% -1
J100 -2 - 0% -le10 -la= -.e77 -.112
2 -.00 -.078 -.e29 -.016 -.058 -.0%
3 iy -0 -.g43 -.o12 -.938 -ex
Jam -.e26 ] -.os8 -.e16 -.e25 -.o72
= -013 -o% -1867 -o2 -.813 -oe2
600 200 -.@34 -.g58 -.048 -.p13 -3
7 -.e13 -.o11 -loas = -.019 =
=) -013 .o -.819 = - 826 -0
Jom K] Lo11 ‘013 - -le13 ~.214
=) .a26 05 843 -.816 000 -
1.000 .141 157 125 024 .033 o34
g5/U? FR-sink,FX-trim L=2.5 m (UT)
XA | A= .250 | PN .267 | PN= 289 PN 316 | PNe .354 FN- .428
-1.000 236 .205 .188 .174 132 .o88
~lom .a15 (3% 351 3R 286 23
-5 364 1374 351 ) 324 )
- 8% 223 251 275 2% 292 <)
- 8 .e%2 1128 ‘163 206 ‘241 1264
-7 -.033 .016 %63 1x a7 )
-7t -l110 -l0a3 -.013 6% 113 167
-l62 -.174 -.141 —leal -5 css 114
-. 60 -174 -1163 -.138 -.074 -.003 o7
-l5m -'123 -1 -l157 -1138 -.e85 -lo12
-.aco -.033 - 0% -.133 -1 -l137 -0
-3 o3t -0 = -1138 -137 -115
- 200 B4 016 -lea2 -.106 -1131 -1
-1 018 027 o6 - 06 118 -3
K- -l846 .016 B1S -.034 -.105 -135
1|  -less| -l 15| -.o18| -.019 | -.118
L2 ~.085 -.074 -006 -lee 054 | -.109
L ~.0ab -l074 -.004 -l 035 | -.05
Lam -.%20 -.o63 -.013 -.010 -.015 ] -omt
-seo o35 -0 -233 -.018 -e03! -.09
L6 ‘031 -.018 -033 -.034 - 003 -5
700 031 o3 -e23 -p2 ‘o4 -9%
L& o018 216 -.004 -o2 -.p03 1]
= -031 933 025 -0 ] -.019
== 056 o2 ‘063 -.010 017! e
1,00 .184 .184 .159 a2 ; .02
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5. Results of pressure measurement on the hull surface

Condition of pressure measurements

Froude number

IHI (FR) | 0.104 0.250 0.267 0.289 0.316
SRI (FR) 0.250 0.267 0.289 0.316
UT (FR) 0.250 0.267 0.289 0.316
UT (FX) 0.250 0.267 0.289 0.316

Pressure resistance coefficient

Cr = Rp/(y §U*S)

THI SRI UT

Fn FR FR |FR FX
0.250 | 0.891x107[1.150%1073| 0.878x1073| 0.941 10
0.267 | 0.916 0.979 0.920 0.827
0.289 | 1.280 1.374 1.318 1.221
0.316 |1.803 1.998 1.866 1.786

Figures 9 through 11 show examples of the pressure distributions on the hull surface

projected on the midship section for three models of 6.0m, #.0m and 2.5m length on
the condition of FR.

Figure 12 shows the comparison of horizontally integrated pressure for three models

of 6.0m, 4.0m, and 2.5m length on the condition of FR.

Tables 2 through 5 give the pressure coefficient on the hull surface.
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Table 2 The pressure coefficient on the hull of 6.0m model (FR)
Fn = 0.104 Free L=6.0 m (IHI)
ST. 10.000 9.7% 9.5@ 9.250 9.0® 8.500 8.0 7.50 7.8 6.0 S5.50 5.0
ol .o -.9% -.X@ -.B0 -.&@ -.700 -.600 -.50 -.4® -.20 -.1® .0®

0 ;

000 o0 L1339 .113 .26  .0o0 -.014 -.009 -.B46 .B30 .oo@  .002  .008
-. 040 ‘s 135 .1o@  .022 -.846 -.017 -.014 ~-.846 -. —p4s  -o52 -

- 120 223 1% lpr7  .vi4 -.034 -.823 -.@24 ~-.B47 ~-.053 -.B46 ~-.04 -
—130 ‘%6 117 eS8 lew8 -.e26 -.€29 -.033 -.848 -.851 -.846 -.053 -.063
—¥0 ‘387 po8  .03S -.001 -.821 -.@38 ~-.845 -, 048 -, 044 -.046 .
-0 ‘332 eT7 e2B  -.003 -.022 -.042 -.048 -.847 -, —B41 -.40 -
-.630 1984 P61l .€2 -. -@21 -.B41 -.p45 ~-.044 -4 - -.037 -.o41
-.840 ‘334 .p43 .02® - —0i8 -.@35 -.839 -.033 -.036 -.033 -.024 -.03%
-2 ‘200 044  .p19 -.pia -.0l6 -.@32 -.@35 -.035 -.@34 -.033 -.@33 -.@36
-1.20¢ .o00 ‘018 -. 2015 -.g28 -.030 -.030 -.031 -.@34 -.@31 -.037
oIFPING | .oo16 .0016 .0016 .0016 .O016 L0015 .0915 .001S 0015 .0014 .O014  .D014

ST. S.008 4.508 4.000 3.000 2.500 2.000 1.50 1.0m TR .5@ .22 .o

X e lee  .zoe .40 .50 6@ .70d  .BO® .8® .90 .90 1.%®

0]

.00 000 .000  .D0O@ -.037 -.045 .000 .000 -.0138 -.081 .030 23  .159
-.040 54 -.055 -.056 -.039 -.845 -.g44 -.839 -.017 .@81 .@3t .@83 .17
-1 T'ed0 -057 -.056 -.044 -.044 -.043 -.034 -.015 .@c4  .@35  .@84 155
-.200 D63 -8 -.055 -.048 -.045 -.843 -.033 -.B13 .S  .036 .84 .153
-0 T oo -057 -.0a8 -.053 -.p43 -.044 -.033 -.012 .0@3 .@3@ .e88  .151
-0 s> —lp5a4  -.pad  -.053 -.052 -.046 -—.035 -.018 -.@37 .0i8 .07 147
-.650 Toal —gS2 -.038 -.p49 -.049 -.044 -.036 -.024 -.B14 .07  .034  .127
- 840 038 -.047 -.034 -.043 -.pa4 -.041 -.034 -.023 -.P12 .04  .034  .033
L 0% -044 -.032 -.039 -.843 -.€39 -.g33 -.022 -.003 .04 .24 .04

-1.000 o3 “o42 -.031 -.033 -.038 -.038 -.032 -.018 -.@87 .06 .06 .ol
OIFFING | .0014 .0014 .0013 .0013 .0013 .0012 .0012 .0012 .02 .00z .0012 .00l
Fn = 0.250 Free 1=6.0m (IHI)

ST. 10.0¢0 9.7 9.500 9.2 9.0 B8.500 B.00 7.50 7.0 6.00 S5.50 5.000
LAt 1l0m -9% -5 - ER -.5® -7 -6 -5 -4 - C.iw 0w
200 000 .o0@ .372 .000 .000 .00  .000  .000 X
1120 e X2 32 TS o om o oo .om e o ‘oo
B0 000  .243  .283 .213 .057 .00@  .008 @ .000  .000  .000 ol .ooe
‘o0 974 .233 264 .20 .00 .000 .000 .00@ .00 .012 -.007  .009

-.240 979 .224 246 .188 .@83 -.097 .00@ .00@ -.038 .Bl1 -.009 -.065
-.120 886 205 216 .165 .071 -.031 -.168 ~-.153 -.967 . -.014 -.0653
-.200 1931 .188 189 .144 .059 -.085 -.158 -.134 -.059 . -018 -.068
- %0 1937 .158  .147  .1@7  .e353 -.e77 -.138 -.124 -.055 .01 -, -. 061
-0 1988 133 .116  .@77  .@24 -.868 -.119 ~-.101 -.061 -5 -. -.eS2
-.650 1938 .1gs .@93 .054 .@14 ~.058 -.033 -.@32 -.058 -.012 - -.045
-.80 99 lex2 .¢76 .040 .003 -.046 -.@79 -.071 -.@52 -.819 -.g27 -.041
-0 0@ .e71  .069 .03 .08 -.033 -.070 ~.068 -.047 -.023 - ~. 043
-1.000 0@ .oe1 . 034 o065 -.034 -.061 -.065 -. —e27 -.g28  -.
DIFPING | .00t .0100 .0108 .0095 .08 .00%6 L0034 .00R .00%0 L0087  .00SS . O0S3

ST. 5.000 4.500 4.000 3.000 2.5 2.000 1.500 1.000 0 sen >0
LA 000 .1 .20 .40 .50 .e00 .T00 .80 .80 2 .08 .5%®m 1.0
.40 o000 L0008 L0300 L0009 L0000 .e90 .o00 .o00 .00 .eed .p3d 176
oo o0 0@ ~-.032 2 -.022 -.022 -.013 -.e29  .00@ -.e29 -.011  .038  .174

-.p40 -055 -.108 -.034 -.027 -.020 -.012 -.@26 -.035 -.026 -.008 .042  .173
-l120 -.068 -.295 -.037 -.034 -.0iS -.B013 -.@22 ~-. —.@23 -.005 .B4%  .173
- 200 -068 -.090 -.040 -.040 -.020 -.016 -.021 ~-. -02 -.084 .¢S3  .i74
o -P61 ~-.079 -.045 -.046 ~-.@28 ~-.024 -. -~027 -.023 -.006  .054  .AT7
L 52 -.67 -.048 -.84T7 -.033 -.038 -.031 -.03¢ -.024 -.007 .D48  .170
o -.045 -.958 -.049 -~.046 -.035 -.03d ~.033 ~-.@28 -.023 -.005 033  .147
-. 840 ~041 -.052 -.058 ~-.841 ~-.033 -.03d -.032 ~.005 -.020 -.002 @ .028  .099
= 848 -@2  -.@a3 @3 -.@31 -.032 -.g3® -.g23 -.016 e .02 .064
2 -.@51 -.849 -. —229 -.030 -.023 -.02¢ -.0i1  .003  .9i6  .g21
DIFFING | .0OS3 .oCE1  .0OTS  .OOT6 .OO074 L0072 .00T® .COEB  .O0E8  .0067  .O0066  .O06S
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Table 2 Continured

ST. P.000 9.7 9.50@ 9.2 9.0 8.5@ 8.00 7.5 7v.0@ 6,008 5.5 5.0
X1 -1.00 -.9% -.9® -8BV -.5m -.70 -6 -5 -4 -2 -.1W .o

0
240 L0 .23 271 . 136 .03 .00 .o and . 00 .03 .2
@0 .974 221 B 211 . 127 el [oo] . 0B - 006 011 -3
~. 042 979 212 .238 197 .119 -.068 . 000 . o0 o8 - o07 010 -.B12
-.120 .88 195 . .17 e - -.159 =173 -.123 -, @8 .7 -.016
-. 2 .991 .178 .183 .147 .e87 - -.146 ~-.,163 -.112 -~-.010 .23 -.013
-.350 <997 .149 .142 106 S8 - -.131 -.141 -.1@3 -.812 -.2@5 ~-.019
- .938 .124 .113 .075 .037 -, -.115 -.119 -, -.816 =-.@12 -.221
= .38 100 .291 .257 @3 -.043 -.097 -.18@ =-.881 ~.@21 -.017 -.024
-. .993 . 080 .874 .44 817 =~-.035 -.876 -.083 -.067 -.026 -.@2W -.025
-. .03 .069 067 .41 016 -.@dR -5 - -.063 -.029 -6 -.0%
-1.000 .0 .@S9 .61 .040 816 -4 -0S3 -. -61 - Wl 0S5
DIFPING .012®  .0119 .p118 .Q117 .8i16 .0114 .Q0112 .0118 .Qi0B .01d4 e o1

z,g(/L . .1 .2 . . . 700 830 .S IR 1.0
. 120 Ne %) . 000 .00 . 003 .o .0 .00 . 003 .0 .00 . DR 185
. 040 .00 . 00D .0 .0 .o . 02 . o0 .00 .03 o 0%] .064 L83
. e o] . o2 .0 ) o} -5 - .07 27 057 .182
-.240 -.012 -.054  -.08 - -.065 ~.841 ~-.023 - .08 229 .a78 .1
-.120 -.816 -.054 -.@81 - -.064 -.040 -.019 -.043 ] .032 .074 183
-. 200 -.p18 -.052 -.077 -.883 -.@64 -.042 ~-.018 -1 Lo .833 .876 186
-.360 -.219 - - 068 -.077 -.064 -—-.047 -.Q24 -4 .03 829 076 .192
-.528 -1 -.843 -.@59 -.@8 -, -.049 -.023 -.010 -.021 .016 068 L1835
-.630 -4 -.040 -2 -.064 - -5 -.030 -.012 -.008 .03 056 .1
-.848 % -. 038 -~-.847 -.058 -.@5 -.047 -.031 =-.012 -.Q5 .B12 .0844 .1
e b -.036 -.044 - -.051 -.044 -.038 -~-.012 ] .815 037 .71
~-1.202 - -.@35 -.842 -.049 -.047 -.B41 - -. 008 6 .018 a7 .831
DIFPING 0100 .008 .00% 00N .00R .00 .08 .00sd R oI - o BN o - § . DD

Fn = 0.289 Free L=6.0 m (IHI)

ST. 1B.000 9.7 9.5 9.2 9.0 &8.5@ 8.0 7.30 7.0008 6.0 S.S® S.0x
z/%X/L Jo® -9 -9 -.80 -.8® -.7W® -~-.600 -.5L -4 -2 -.1® %)
.3 .0 .0 .310 .231 . 000 . 003 .00 . 203 e . .00 . 03
.120 ) .225 .279 259 .187 .00 .03 ] . 003 .0 ] . 000
. 000 .968 196 .236 .214 .154 -, .00 . 003 .02 L3 -.014 .5

-.040 972 .188 222 o] 144 -, .03 .0 .8 -.0s7 -.01S .02
-.120 9739 .173 .18 173 .124 -, -.120 -.171 -.160 -.257 =-.818 ~-.03
-.200 .885 L1539 176 152 L1060 - -.113 -.165 -.159 -.257 -2 .09
-.50 .993 LA37 .139 113 oS B -.101 -.146 =-.134 -054 -.@26 -.215
-.520 .997 .118 111 .e87 0S4 -.019 -.@89 -.121 - 117 -.843 - @28 -.018
-.680 .938 .38 033 .68 .41 -.019 -.@75 -.103 -.100@ -.,848 - @29 -.@2
-.848 .938 .77 .074 054 o32 -.817 -.06Q@ -.079 -.084 -0 -.@831 -.ex
-. 20 .o .56 067 .64 ‘a28 -.016 -.0S3 =-.073 ~-.079 --.052 -.@33 -.024
-1.a N % 056 .061 .045 ‘g4 -.014 -.046 -.068 ~-.0714 -.253 -.@35 -.@S
DIFPING 017 .01z .01B 013 015 .8l .13 013 .12 .e1®  .el®  .011S

ST. S.008 4.5 4.000 3.900 2.5 2.0 1.500 1.0 TR = 2R N
e N ] .1 .2 . .S . 608 ] =) .8 . K0 SV 1.
129 .03 .03 ) . 0D .0 .00 .00 .23 . 000 ) .03 D
042 .o . 0 .03 . 800 .03 .0 82 %] . o2 .o .00 065 .178
a3 6 -.003 .05 .00 .00 .0 .0 -.848  -.819 .010 . 069 183
-.248 a2 - RS -.026 -.071 -.883 -, -.268 -.033 -.017 .013 072 182
-. 120 -3 -.003 -.027 -.672 -.B79 ~-.8718 -.065 -.226 -.014 .17 .076 186
-.20 -3 -.012 -.028 =-.07%1 -.078 ~-.0716 -.064 -.036 -~.014 .016 .78 .191
-.30 - 915 -.016 -.@29 -.065 -.074 -.076 -.066 -.B41 -. 020 .10 073 198
-.50 -.018 -.018 - -.968 -.071 -.0714 -.066 ~-.046 -.028 . 001 .061 .191
-. -2 -.@24 - -6 - -.070 -.064 -.046 =023 -.0Q23 .49 163
-~. 848 o -4 - -051 -.059 -.064 -.060 -.041 -.024 .03 .033 112
- -g24 -.@25 -.027 -.047 -6 -.061 -.056 -.037 -4 .03 .031 875
-1. 000 -5 -.025 -.026 -.044 ~-.0S3 -.058 -.033 -.033 ~-.013 .07 .23 .03
DIFPING ,0119 .0118 .9117 .0i16 .0115 .0114 .D113 .0113  .o112 .0112 .01l 0111
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Table 2 Continued

Fn = 0.316 Free 1=6.0 m (IHI)
ST. 10.000 9.7 9.500 9.2% 9.8 &5W B.0W .50 7.000 6.000 S5.50 S.ecn
XL 1.0 .90 .90 .80 -.80 -.700 -.600 -. -.400 -2 -.1 .o
20

. X0 .00  .213  .260 .261 .Z33 oco 0 000 .o08 .e00  .008  .ood
120 o0 .19  .238 .233  .203 o (o0 .0 .o0¢ .00d .o00 .ooo
o123 ooe  .181  .217 28 175 038 .000 .00 .o0d .00 .00 .eoe
Lo %82 .174 206 .19 162 .038 .00 .00 @ .000  .000 .00 -.p42
-0 885 .168  .197  .i84 159 233 - o2  .eoe . -.078 ~-.B43

-.120 -ZW 157 77 .163 128 (@7 -106@ -.133 -.169 -.124 -.@78 -
-. 20 .84 l1a6 1159 143 1190 .e22 -, -.133 -.158 118 -976 -.047
-.%a -997  l128 .13 110 883  .014d -.@67 ~.125 -.1a1 -.103 -.p74 -.045
-.50 .988 118 106 . 265 ee8 -, ~107 -.122 -lg&3 -, -.043
-1 &32 1938 le32 86 .063 2se  .oes -, -.085 102 -l853 -.p61 -.043
-840 938 .072  .069 . 840 005 -.036 -.0683 -, 077 -.055 ~-.p44
-.20 000 .05 .062 52 €38 .06 -.032 - -.B81 -.076 -~.961 -.045
-1, 000 @S .86 .848 .83 (008 -7 ~-.055 -.071 -.077 - -.e45
DIFPING 0173 .82 .0171 .0163 .0168 .BI&5 .0162 .0160 .01ST .01  .0149 .01

0
%% o) =842 -.016 -.003 -~ Q22 -.@39 .03 . R .03 o ~-.p41 .23 .0S8
-.040 -.043 -.019 -.810 -.022 -.038 -.¢53 -. -.061 -.054 -.840 9] .1e5
-.1208 =046 -, -.@11 -.@23 -.@35 -.02 -.061 -.058 -.052 -.037 . 023 117
-. a3 =847 -, -.@13 -.023 -.035 -.051 -.059 -.057 -.051 ~-.037 -ees .127
-.350 -.045 - =017 -.@22 -3 ~.0S! -.059 -.058 -~-.052 -.039 .018 .142
-.320 -.843 -.028 -.@21 -023 -.038 -.050 -.053 -.053 -.055 -. 848 - 00S .138
~-. 630 -.043 -.030 -.@22 -.@25 -.038 ~.05Q -, -.057 -.054 -.033 .o .116
-.84 -.044 -.032 -.023 -.026 -.035 -.B47 -, —-.250 ~.846 -.032 -.04 .05
-. 20 - 045 =033 -.@23 -4 -.034 -.045 -, -.047  -.041 -.@27 -.008 .03
—-1.e20 =845 -.034 -.023 -.P2f -0 -.844 -.051 -.p43 T.033 a2 -.912 -.008
DIFPING 0146 214G .0141  .01B  .o1XR .01 .P1Z7 .01 0123 0122 .01 '.p119
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Table 3 The pressure coefficient on the hull of 4.0m model (FR)

Fn = 0.250 Free L=4.0 m (SRI)
ST. 10.0020 9.7 9.500 9.2%0 S5.000 B.50¢ 8.000 7.500 7.000 6.0® 5.58 5

1 9 S 9 9 8 . . : 1 3 )
ZI%X/L 1000 -.9% Z.50@ -.B® <-.800 -.7@ -.600 ~.500 -.40@ ~.200 -.100 .00
1120 1leod  .278  .311 .216 .03@  l0d@  .00Q Z% R R T~
.48 1o0@  .246  .274 .134 066 .o00 .00 .00 .03 .00 .000 .03
- 1ec8 .517 .204 .174 .053 -.109 .00Q  .000 -. ‘024 -.p18 -.072
-. 1800 .197  .179 154 1843 -.185 -.169 -.145 -.067 -.@7 -.e22 ~-.09
- fego .1&2 .162 .132 .047 -.0% -.158 =-.131 ~.0639 -.013 -. -.033
- i'gop  .154 .123 .0%@ .03 ~-.973 ~-.131 -.111 -.07@ ~-.026 -.g43 -.061
= ifeo@ .124 .90 .058  .0@2 ~-.¢I8 -.112 -.034 -.065 ~.038 -.033 -.846
= 1"o00 .26  .054  .D13 -.005 -.054 -.086 -.@77 ~.054 -.035 -.035 -.o52
-840 1000 .oe@  .054  .B13 -.005 -.054 -.B86 -.877 -.054 -.034 -.@28 -.039
_-1-.% 1% e 52 .ell . -.815 -.¢51 -.@78 -.078 -.056 -.036 -.025 -.045
] ) . 817 .e23 .ol -.054 -.054 -.063 -.058 -.€30 ~.823 -.074
DIFPING | .00T0 .0053 .O00CR L0068  .BOGT .00 .O0ES (0063 .00A2 L0060 .O0SB  .ouST

ST. S.000 4.50¢ 4.008 3.0 2.500 2.008 1.508 1.0 70 se P
Z/gxn_ R Y . I B - D - - TS - D - D= D -
-e40 ‘o0 Lo00 L0028  .000 .00 .o00  .000 .003 L0038 .008 .845 .00

= 812 -093 -.182 -.048 -.039 -.027 -.028 -.844 -.€38 -.€31 .@29 .09
= - -83 -.103 -.050 -.032 ~-.022 ~-.035 -.048 ~-.034 -.031 037 .114
= = 281 -.09% -.054 -.@d1 -.022 -.038 -.847 ~-.034 -.@30 .42 .12
= TI08r  —0F2 -.@31 -85 -.0a6 -.229 -.036 -.0d2 -.034 -.024 .042  .144
=5 = ZI06E  -.075  -.081 -.045 -.032 -.044 -.043 -.@38 -.@27 .035  .114
= = —le57 -.058 -.051 -.043 -.026 -.050 -.844 -.B42 -.@26 .02  .083
= 035 -.pa5 -.082 -.051 -.033 -.035 -.842 -.044 -.048 -.P18 .pi4 .00
= - 046 -.052 -.048 -.043 -.038 -.035 -.039 -. -.g38 -.005 .01 .€2
1. 074 -.062 ~-.061 -.074 -.036 -.063 ~-.033 -.038 -.006 -.032 -.018 .0
CIFPING | .0857 .005%6 .0054 .00 .0051 .0043 .0048 .0047 0045 L0085 .04 0044
Fn = 0.267 Free L=4.0 m (SRI)

ST. 10.000 S.79 9.508 9.230 S.000 8.5 8.0 7.50 7.000 6.000 5.50 5, 000
s o - Zam -, g -7 -.600 -.5¢8 -.400 -.200 -.1e@ .0
200 Lo .312 .334 .000 .000 .000 .200 .000 .00 .000 .00 .00
‘120 1.000 335 33 (232 (o0 .000 030 (000 .00 .00 .00 .0OQ
010 e 5% .S .213 .12 oo .02@  .002 .DO@  .00@  .015  .@2Z2

—.340 I Zea  l2p3  .1s7 e -.pa3 .od@ .e@@ -.114 -.012 004 -.@E
-120 1 18 177 .165 @81 -.esi -.155  -.iT7 -4 -@22 —.pod -.iEd
- 20 e li7s 162  .144 .01 -.@53 -.146 -.1S57 -8 -.@27 -.009  -.@id
-% 1,00 1S3 1127 ‘ez les3 -pal -.123  -.138 -.dg4 -.038  ~.@29 -0
- LAY 12 g5s  .ot@  .e21  -.043  -.104  -(187 -.889 -.033 -.022 .05
= 1-%0 258 .79 .043  .@13 -.847 -.0% =-.097 -.085 -.842 @7 .03
-. 810 10X %23 e  .023  .o08 -.038 -.@81 -.@84 -.067 -.841  -.@2  -.@27
-8 1L oo -.gos -.go@ -.003 -.03% -.073 -.086 -.069 -.042 .00 -.E3
-1.000 e e o2 .e31 .22 -.839 -.048 -.069 -.072 -.036 -.024 082
oreInG | L0079 .o07@  .0OT7T  .0OT7  .0076 0075 .0074 0473 0072 .%0W  .0053 o3

ST.  S.000 4.508 4.000 3.000 2.5 2.0 1.5@ 1.@¢ 7% %@ .23} .02
Z/SX/L . e o0 .40 “.S@ e i@ .8 8D %@ .90 1.00
040 Te22 S 'ood  .oo@ L0028  .o0@ .00 .o0@ (000  .014 051 .10t

-0 G5k -gsa -.g84 -84 -.075 ~-.043 -.014 -.010 .0  .007 .08 116
-.120 o8 Tbi6 —ess -.p88 -.063 -.039 -.g22 -.013  .@0L .05 .064  .123
- 200 %3 1043 -—lesi -.es8 -.@75 -.038 -.@x5 -.015 @2 .6 .%63 123
-. %0 oS Teil Tovr -es2 -.074 -.845 -025 -.014 -.001 .03 DT 121
-5 02 T'pas -.e62 -.081 -.069 -.848 -.0% 025 -.003 .0t .2e1 437
~.683 02 o35 —gs3 -.0e7 -.064 ~-.040 -.043 -.€22 -.01p  .P0i 846 100
-8 T0e o> -gsa -.064 -.055 -.846 -.035 -.024 -.017 @6 .037  .083
-0 0 T8ds —eaz -.e51 -.e53 -.8e6 -0 -.033 -0 g2t .03 043
-1.000 - 062 - %4 -pBs -.pa3 -.076 -.024 ~-.020 .02 -.008 .004 .85
DIFFING | .006S  .0067T .0O6 .0064 .DOG3 L0062 .0061 0083 .00 .00 L0058 00T
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Table 3

Continued

Fn = 0.289 Free L=4.0 m (SRI)
ST. 10.000 5.7 S.508 9.253 9.000 B8.50 B8.008 7.508 7.000 6.000 5.5 5.000
X1 1.8 -9 -.9@ -.B0 -850 -.78 -.600 ~-.50 -.420 -.200 -.10 .o
0
.20 1.000 .259 .321 .260 .00 OO0 L0000 @ .OO8 .000 .08 .000 .00
‘20 e 229 .269  .233  .161 (@81 .000 a0 .00 .000 We .60
‘64 1loo0 .20 .28 .21 .142 (014 .00@ o0 o8 .e@ .81l .05
1040 jlece .15 1191 .186 117 (@07 -0 -.125 .0 -.068 - -.016
-.120 e .174 .71 (166 107 -, 117 -1183  -1S3 -069  -.e23  -.B41
-, 200 1,000 .165 .153  .146  .998 -. -.112  -l157 -1a7 -e63 -.@31 -.018
-. 360 fie00  .146  .124  .193 883 -—.m0& -.@37 -.132 -.132 -.074 - -1035
-.50 j.o@ L1286 .e9%6  .@74  .034 -.B17 -.8&83 —~.107 -.114 -.069 -.038 -.845
-.&30 1ee .233 .88  .847  .026 -.@25  -.079 - -.184 -lpe6 -.pa@ -.
-.840 .80 .ge2  .062  .@26 019 -.e21 -.067 -l ~.081 -—.060 -.@32 -.849
-2 e .59 .e6l .e2S .e37  -.e28  -.059 - -0 ~.059 -.g28 -.
-1.000 e 866 .e23  .037 .32 -.e25 -.837 -.067 -.883 -.e51 -.e32 -.
DIFPING| .oCS7 .ot .eeS7 L0087 .oo& L0085 .00 L0055 L0055 (0034 L0084 .00m3
ST. S.00 A4.50 4.003 3.000 2.500 2.000 1.5 1.088 .7 .50 2»  .om
2% A e .i® L2080 .40  .50@ .60 708 .80@ LB .90 .98 1.0
0
240 o056 .eo0  .o08 Lo0 .00 .00 .o .02 000 .0di g78  .170
-, 040 -.016 -.0i3 ~-.032 -.pE8 -.088 -.B76 ~-.056 -.843 -.026 -.003 978  .166
-0 -.B4] -.6C8 -.84@ ~-.074 -.081 -.972 ~-.064 -.B47 -.@2 -. 976 .167
-, 200 -g18 -.028 -.035 -.072 -.@85 -.071 -.066 -—.053 -.022 -, .074 168
-. 38 -935 -.813 -.038 -.068 -.081 -.P68 -.863 -.845 -.@26 .003 . 152
-.50 846 -.221 -.031 -.069 -.073 -.059 -.071 -.@56 -.@35 -.@11 .eo7 .14l
) -.348  -.g22 -, -06 -.066 -.063 -.074 -.051 -.848 -.0i2 .@39 .1e2
-.840 -243 -.p17 ~-.033 -.054 -.058 -.051 -.B62 -.€50 -.038 -. Je28 L0628
-0 ~048 ~-.€27 -.823 -.849 -.057 -.061 -.@5%6 -.059 -.847 o1 . 837
~1.000 062 -.833 -.038 -.083 -.054 -.092 -.048 -.844 .004 -.016 -.037  .006
DIFFING| .0OS3  .00E3 .00 .00 0082 (008! L0081 0081 .06 .00 L0038 .0O®
Fn = 0.316 Free L=4.0 m (SRI)
ST. 10.002 9.7% 9.500 9.250 9.0 8.8 8.0 7.5 7.000 6.000 5.50 5.000
ol lem - . -.ER -.sm -70  -lep .58 -4 -2 .1 .o
z
. 250 .00 .0®  .319 .000 .008 .000  .000  .000  .008 .90 o8 .00
.20 1,008 .26 . (251 .00 .00 .32 .000 L0038 .00 e o0
120 1,600 .1%  .242 .231  .180 .o0¢ .000 .00 .00 .000  .O00  .o00
-640 1e@ 1718 153 1153 lees Lo 20 .0@ .00 .e00 .00
-.030 1.o@ .16 .178 L1777 (133 eS8 -39 .e@ .0 .0®  -.075  -.053
- 1,000 .162  .153 .15 .128  .B48 -.068 -—.163 +.175 -.122 -.@77 -.07i
-. 1,000 .155  .143  .141  1@3 (@35 -.078@ -.133 -.161 -.120 -.081 -
-i35 1.0 .14@ .17 106 079 . -.065 -.117 -l142  -I118 -.@35 -.970
- e [117 076 .043 (813 -.e57 - ~121 184 -.875 -.845
~.&30 1,000 .€30 .08 .@S@  .035 -.001 -.058 -.885 ~.118 -.095 -.071 -.062
-.540 1900 D51 . .029 @26 -003 -.051 -.074 -.63% -.885 -.068 -.845
.20 1.000 .050 .078  .030  .014 -.&C3 -.844  ~ -8 -.084 -.054 -.053
-1.30 100 Jess .e83 (840 .35 —.009 -.@28 -.053 -.086 -.074 -.057 -.088
DIFFING | .D117 .0116 .0115 .OG114 .B114 .9112 .0118 .2103 .07 .0184 .BI0R  .01e0
ST. S.000 4.50 4.000 3.000 2.500 2.60 1.50 1.%C .78 .58 .20 .00
L G 400 S0 .6M0 T B .8 .50 .91 1.om
L1209, w0 o .0 00 000 oo .oR .00 L0028 .o00 )
- -€S3 -.028 -.019 ~.024 -.051 ~-.@53 -.054 -.059 -.@S7 -.©52 .08 .27
-. -.871 ~-.027 -.024 -.@28 -.043 -.847 -.063 -.067 -.@54 -.054 -.0A8  .042
- @34 -2 -.022 -.031 ~.848 -.042 -.065 -.067 -.053 -.@54 01 .es2
-. -.@70 -.028 -.030 -.031 -p48 -.045 -.068 -.062 -.056 -. 004 .983
- -346 -.035 -.025 -.033 -.045 -.B48 -.056 -.069 -.068 -.0S1  .034  .BSi
- 638 @52 -.033F -.024 -.030 -.042 -.Q37 -.069 -.062 -.@63 -.B847 ~.008 037
-.840 -85 -.C29 -.@32 -.034 -.039 -.B47 -e57 -.859 ~-.053 ~-.034 -.012 811
-1520 -@S58 -.e38 -.021 -.028 -.038 -.048 -851 -.063 -.068 -.P18 -.013 -.P04
-1l@00 -88 -.058 -.036 -.063 -.037 -.079 -.B47 -.@55 -.@21 ~-.049 ~-.043 -.@35
DIFFING | .01 .00S8 .0097 .00 .0OR .0OS1  .DGS8 L0088 .o087  L00%  .00S L0084
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STUDY OF TOTAL AND VISCOUS RESISTANCE
FOR THE WIGLEY PARABOLIC SHIP FORM

Sangseon dJu

Iowa Institute of Hydraulic Research
The University of Iowa
Iowa City, Iowa 52242

INTRODUCTION

The Froude method was based on the assumption that the total resistance
of both ship and model can be split into two components, one the frictional
resistance and the other the residual resistance, which is essentially the
wave resistance and the resistance due to eddies and vorticity.

It is now well known that the frictional-resistance coefficient C¢
derived from a flat plate 1is not the same as that of the hull and,
furthermore, that C¢ is only a part of the viscous-resistance coefficient
Cv. In order to improve the Froude method, it has been suggested that the
ratio

1+k=C/C, (1)

is independent of the Reynolds number Re and Froude number Fr, where k is

the form factor and C¢ may be represented by the Schoenherr flat-plate
friction formula

0.242

/Cf

Except for interference effects, these two resistances obey the Reech-

Froude law,

Ct(Fr,Re) = Cv(Re) + Cw(Fr) (3)

where Ct’ a function of Re and Fr, is the total-resistance coefficient and

Cw the wave-resistance coefficient of the model. Applying the form-factor
hypothesis, the total resistance of the model would then be given by
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C.=(lL+k)C

N + Cw (4)

f

which is an important improvement over Froude's method.

When k 1is known, C, is obtained from the definition (1), and then Cy is
given by (3). One way of determining k utilizes experimental data at very
low Froude numbers, where C, is negligibly small in comparison with Cye
Unfortunately, the viscous resistance at low speeds is also small and the

value of Ct at that speed may be inaccurate. Moreover, at low speeds, that
is at Tow Reynolds numbers, the uncertain extent of Tlaminar flow on the
model may introduce another source of error. The form-factor procedure also
involves the assumption that k is independent of Froude number, which is
contradicted by many wake-survey measurements on models, even on models with
a moderate block ccefficient (0.6, for example) as can be seen in Tzou [1]
and Tsai [2]. Nevertheless, in the present study, this form-factor
procedure is one of the methods utilized, since it represents an important
improvement over the Froude method.

In order to determine the functions representing the variation of
viscous and wave resistance with Froude number, it is necessary to measure,
in addition to the total resistance, either the viscous or wave-pattern
resistance. Both are necessary, however, since wave resistance and the
viscous resistance do not obey the same laws of similarity and there exist

causes of systematic errors such that the sum of Cyw and C is less than

wp
Ct, where C,, denotes the viscous-resistance coefficient derived from wake-
survey measurements, and C,, the wave-resistance coefficient derived from a

wave-pattern analysis.

In this study, the viscous resistances of the Wigley parabolic ship
model were measured by the wake-survey method. Since no experimental data
for the viscous resistance are available with this model restrained in both
trim and sinkage, the differences between total and viscous resistances are
compared with the wave resistance derived by wave-pattern analysis.

A formula for calculating the viscous resistance of a ship model from
measurements in the wake, derived in [3], is

37



R, = L2 [ [2g(Hy-Hy) - (ug - up)?1ds (5)

v ﬁé #
=
where Hn is measured total head in the wake
Ho is the undisturbed total head
o is the mass density of water
g is the acceleration of gravity
w is the area of the wake at the measurement section
Un is the measured Tlongitudinal component of velocity in the
wake
Ug is the value of u, at the edge of the wake
ﬁé is the mean of the values of ug
Ug is the velocity of the uniform stream
Ry is the viscous resistance.

In order to apply this formula, it is necessary to measure Hy and uy.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

A11 experiments were performed in the IIHR towing tank which is 91.44-m
long, 3.048-m wide and 3.14-m deep. The ship model employed in this study
was a Wigley parabolic ship model with 0.444 block coefficient, a length of
3.048 m and the wetted surface area of 1,381 m2, For the selected form, the
parametric values are B/L = 0.,1000 and H/L = 0.0625. For turbulence
stimulation along the hull, a row of studs of 3.2-mm diameter, 1.6-mm height
and 9.5-mm spacing was fitted on the model 15.2 cm, 5 percent of the model
length from the bow. With the towing arrangement used, the model was
restrained in both trim and sinkage.

The pitot rake and the traversing-probe mechanism were set on the
trailer 3.05 m behind the stern of the ship model.

The data acquisition system for the carriage speed, and the total head
and pressure in the wake, consists of a 48-terminal scanivalve, a #0.021-

kg/Cm2 pressure transducer, a scanco CTLR2/S2 solenoid controller, IIHR
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scanivalve positioning circuit, an Analog-to-Digital converter subsystem,
and an HP-1000 E-series minicomputer, as shown in Figure 1., The carriage
velocity and the pressure data are sampled simultaneously by this system.
The computer is programmed so as to control the sequence of positions of the
scanivalve and the duration of the stay at a particular opening in the
course of a run. While at an opening, the computer program instructs the
computer to delay sampling data until a transient has decayed, and then
commands the A/D converter to take a desired number of samples in a given
time.

To be sure that the water was at rest, dye was emitted at the measuring
depth. A waiting time of 15 minutes was used in this experiment,

Reduction of sampling time 1is important in order to reduce the total
number of runs. The voltage of the carriage speed is sampled easily because
the signal does not change much. For the pressure measurement, two possible
sequences were considered. The total pressure and the static pressure can
be sampled alternately or separately. The separate sampling method was used
in this experiment because the smaller transient time reduced the total
number of runs,.

Transient times, determined from preliminary experiments, are 0.2 sec
between successive total-head tubes outside the wake region, 0.6 sec between
successive total-head tubes in the wake region, 1.2 sec between total-head
tubes and static-head tubes, and 0.2 sec between successive static-head
tubes. The sampling time of 0.5 sec was used at each tube and it was
increased to 1.0 sec in the wake region which gives the most contribution to
viscous resistance calculation.

The calculation of the viscous resistance was carried out in the manner
indicated by Tzou [1], with some slight differences. Although the model
velocity was not exactly constant through a run, it was assumed that the
flow 1in the wake behind stern 1is steady, but the measured wake
characteristics correspond to the instantaneous model velocity due to the
rigid connection between the pitot rake and the carriage. For this reason,
the total head and the flow velocity were corrected to the mean carriage
speed of a run. These corrected values were also corrected to the mean
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carriage speed of a complete traverse of the wake section. The total-head
readings were corrected as

VC 2
Hy, = (y7) Hy (6)
c

where Vé is the carriage speed corresponding to the measured value
of H%, and V. is the mean value of Vé for the traverse over the measuring
section., The flow velocity in the wake was corrected as

u_ =u' - (Vé -V) (7)

where ué is the uncorrected measured flow velocity. For this study, the
total-head readings and the flow velocities were corrected at most 1.4 and
2.8 percent of their values respectively.

In order to know the variation of the viscous-resistance coefficient
with Froude number, the obtained data were corrected to the standard
temperature 18.3°C at which the total resistances were measured, under the
Reech-Froude assumption that C, is a function of Re. This temperature
correction is essential since the kinematic viscosity v varies with
temperature, approximately 2.5 percent per degree C for water, and the
viscous resistances are obtained at the different water-temperatures. For
this study, the temperature coorection was at most 1 percent of the values
of the viscous resistance.

DISCUSSION OF RESULTS

Total and viscous-resistance coefficients are shown against Reynolds
number and compared with the Schoenherr line of the flat plate in Figure
2. The sinuous trend of the viscous-resistance coefficient with Reynolds
number is seen to have much less amplitude than was found for the series-60
model by Tzou [1] and Tsai [2]. This suggests that the form-factor
procedure may give good agreement with experimental results. This s

probably a consequence of the slenderness of the Wigley ship model.
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The total-resistance coefficients have been compared in Figure 3 with
other experimental results; those for a 4-m model tested at the Ship
Research Institute of Japan (SRI), and 2.5-m model tested at the University
of Tokyo (U.T.). Here Ci from SRI and U.T. were corrected to a standard
temperature of 18.,3°C, and the C; of Iowa was fitted by a smooth curve by
comparing the experimental results from the three tanks. Then the residuary
resistance C, from the three tanks were calculated by using the form-factor
formula (4) with k = 0.100 for Iowa, k = 0.065 for SRI and k = 0.050 for
U.T. These were selected so as to obtain the best agreement between the
Cy S of the three tanks.

The viscous-resistance coefficients have been corrected to a standard
temperature of 18.3°C, and then plotted against Froude number in Figure 4.
The viscous-resistance coefficient shows a hump at Froude number of 0.24,
and two hollows at Froude numbers of 0.22 and 0.32, in contrast with the
monotonically decreasing trend assumed in the form-factor procedure. This
suggests that the viscous resistance is affected by the wave resistance;
thus its coefficient is a function of not only Reynolds number, but also
Froude number, although this dependence seems to be small in this case.

The wave-resistance coefficients obtained by subtracting the viscous
resistance of the wake-survey measurements from the total resistance, Cy-
va, are compared in Figure 5 and 6 with the residuary resistance Cye  Ci-
Cyw are seen to be in good agreement with C,. The discrepancies between Ce-
Cyw and C, of Iowa are less than 7 percent at Froude numbers greater than
0.23. The largest discrepancy of 20 percent occurs in the range of 0.21 <
Fr < 0.22 1in which C¢-Cyy has a hump. This is less than 3 percent of the
total or viscous-resistance coefficients, that is about the same order as
the experimental error. Generally speaking, Ct'va is greater than C, at

Froude numbers 1less than 0,23. Ct-Cyy 1s also compared with the
experimental results for pr from SRI and U.T., where pr was obtained by
wave analysis of Jlongitudinal-cut data. C¢-Cyw and pr are in good

agreement at Froude numbers in the range 0.24 < Fr < 0.34, with

discrepancies of less than 12 percent of C,, or 3 percent of Ct or Cyw>
which may be attributed partly to experimental error and partly to the
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assumptions made in determining Ct, va and pr.

35 percent occurs in the range 0.21 < Fr < 0.,22. This is 5 percent of the
total or viscous-resistance coefficients. At Froude numbers Tless than 0.27,

The large discrepancy of

the viscous resistance is more than 80 percent of the total resistance, and
its effect dominates the flow characteristics. One would expect that, in
this range, C,-C,, derived from wake-survey measurements would be more
reliable than the pr derived from wave-pattern analysis, since pr is
derived from measurements of small quantities, and the influence of the wake
on the waves behind the ship may be significant. At low Froude numbers or
Reynolds numbers, the wake 1is wider and the boundary layer is thicker than
at higher Froude numbers, thus the effect of wake and boundary layer
becomes relatively more important. At Froude numbers greater than 0.34, the

discrepancies between Cy-C, and C,  become large again. C, . is seen to be

wp wp

significantly smaller than C.-C,. or C .. This is believed to be due to the

W
assumption made in the wave-pattern analysis of the linearized free-surface

boundary condition.,

The values of Cg, va, Ct-va and Cw, read from the curves in Figs. 3,
4, 5 are tabulated against Froude number in Table 1.
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Table 1. Values of C¢, C.p,. C4-Cy, and C, with Froude Number.
(Fixed Condition, Temperature = 18.3°C)

Fr Ct va Ct-CW CH Fr Ct va Ct-CW Cw
.100 .00440 - - -,00005 .250 .00457 ,00380 .00077 .00079
.105 .00438 - - -.00003 .255 .00454 ,00378 .00076 .00078
.110 ,00436 - - -.00001 .260 .00452 .00376 .00076 ,00077
.115 .00435 - - .00001 .265 .00451 .00376 .00075 .00077
.120 .00434 - - .00004 .270 .00451 .00376 .00075 .00078
.125 .00433 - - .00006 .275 .00456 .00376 .00080 .00085
.130 ,00432 - - .00008 .280 ,00464 .00376 .00088 .00094
.135 .00432 - - .00011 .285 .00472 .00376 .00096 .00103
.140 .00431 - - .00013 .290 .,00480 .00374 .00106 .00112
.145 .00430 - - .00014 .295 .00488 .00372 .00116 .00121
.150 .00429 - - .00017 .300 .00496 .00369 .00127 .00130
.155 .00426 - - .00016 .305 .00504 .00366 .00138 .00139
.160 .00424 .00401 .00023 .00016 .310 .00509 .00363 .00146 .00145
.165 .00422 .00399 .00023 .00016 .315 .00511 .00360 .00151 .00148
.170 .00421 .00397 .00024 ,00017 .320 .00509 .00358 .00151 .00147
.175 .,00422 .00395 .00027 .00020 .325 ,00505 .00358 .00147 .00144
.180 .00425 .00393 .00032 .00025 .330 .00503 .00359 .00144 .00143
.185 ,00428 .00391 .00037 .00030 .335 .00501 .00361 .00140 .00142
.190 .00428 .00389 .00039 .00032 .340 ,00500 .00362 .00138 .00141
.195 ,00427 .00386 .00041 .00033 .345 00500 - - .00143
.200 .00429 .00384 .00045 .00036 .350 .00500 - - .00144
.205 .00432 .00381 .00051 .00041 .355 .00500 - - .00144
.210 .00436 .00378 .00058 .00047 .360 .00500 - - .00145
.215 .00436 .00376 .00060 .00048 .365 ,00501 - - .00147
.220 .00432 .,00375 .00057 .00046 .370 ,00505 - - .00152
.225 ,00432 .00376 .00056 .00047 .375 .00512 - - .00160
.230 .00435 .00379 .00056 .00052 .380 ,00520 - - .00169
.235 .00442 .00382 .00060 .00060 .385 .00530 - - .00179
.240 .00450 .00383 .00067 .00070 .390 .00540 - - .00190
.245 .00455 ,00382 .00073 .00076 .395 .00550 - - .00201
.400 .00560 - - 00212
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A GEOMETRICALLY CONSISTENT LINEARIZATION METHOD
FOR AN ELLIPTIC STRUT

DR. S. M. CALISAL
Department of Mechanical Engineering
University of British Columbia

ABSTRACT

The study of irrotational, incompressible flows about thin geometries can be
carried out using the well known perturbation procedures. In two dimensional
flows exact solutions based on mappings can be used to compare the accuracy of
first order solutions. For most airfoil sections a first order perturbation
solution is not sufficiently accurate in representing the pressure and velocity
distribution, especially about the leading edge. For three-dimensional flows
exact solutions are rare and for more complex problems such as ship wave
resistance formulations an exact solution does not exist for comparison of
results. In this last case second order solutions exist but are very difficult to
calculate. Therefore, it would appear advantageous to improve first-order
calculations. To this end a perturbation method that incorporates the geometric
properties of the disturber is studied. This method is first applied to a
symmetric Joukowski airfoil to an ellipse and an elliptic strut. This method,
here called the "geometrically-consistent 1linearization method" predicts the
leading edge pressure variations correctly for the two foils studied and appears
to be superior to the classical first order solutions. An iterative solution
following this procedure further improves the calculation. The method discussed
and the following iteration procedure seem to form an efficient numerical
solution to airfoil flow problems. The method is then applied to an elliptic
strut wave resistance calculation.
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INTRODUCTION

Perturbation methods provide powerful solution techniques for most engin-
eering problems and for problems of fluid mechanics in particular. In the
solution of problems by a perturbation method the boundary conditions and the
general differential equation are expanded in series in increasing power of the
perturbation parameter. The differential equation and the boundary conditions
corresponding to the same power of the perturbation parameter are then solved to
obtain the terms of the series representing the solution. This classical method
is independent of the types of boundary conditions. The formulation presented
here is based on the idea that "first order solutions, that is linearized
solutions, may have the right form but not quite the right place" Van Dyke, [1].
The sample foils studied are classical problems and have exact close form
solutions. They are reworked mainly to assess the value of the linearization
method under study. The examples are symmetric about the axis corresponding to
the major flow direction.

THEORY

A symmetric, thin, two dimensional disturbance in a uniform flow is
shown 1in Figure 1. The Cartesian coordinates are chosen such that the x
direction is aligned with the incoming flow. The function

y = *en(x) (1)

represents the impermeable boundary.

(a) Formal Classical Linearization

The Tlinear potential flow solution about the above shape can be formulated
in the following way. We assume that a potential solution of the form

& = Ux + ed(x,y) + 0(e?)

exists where
v = 0 .
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The i.permeable boundary condition to the first order in e can be written as:
> >
ven'= (U + o, (x,¥), et ){en,, -1) = 0
= Un -¢ =0 (3)

on the impermeable surface. The region of definition for ¢ is then extended to
include the domain defined by the disturber. The potential function ¢ and its
derivatives are then expressed by Taylor's series as follows:

@y(x,n) = e¢y(x,o) + 0(e2) . (4)

This simplifies the boundary condition (3) to the more manageable form

Unx (x) - ¢y =0 aty=0. (5)
Various analytical or numerical methods and corrections are possible for the
solution of (2) and (4) Van Dyke [1] and Lighthill [2]. The implied geometric
criterion in equation (1) is that as the e parameter is changed, the resulting
geometry of the disturber is seen to change in the direction perpendicular to
the incoming flow direction. This assumption is studied in some detail in the
following paragraph.

(b) Geometrically Consistent Linearization (G.C.L.)

This 1linearization begins with assumptions identical to the classical
solution, namely equations (1) and (2). We then study the meaning of the
parameter e. The perturbation theory requires that the disturbance and the
disturber be treated together in a perturbation problem. Up to now this was
interpreted to be the existence a parameter e which describes a property of the
disturber which 1is such  that when e+0, the "disturbing character" of the
disturber vanishes Wehausen [3]. The parameter e is usually defined in terms of
the magnitude of the disturber in the direction perpendicular to the uniform
flow, as, for example, the maximum thickness divided by the chord length. Here
we study directional effects, which can be important around the leading edge of
an air foil and we show a "directional inconsistency" in the "thin airfoil" and
by extension in "thin ship" theories.
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Let us assume that the disturbance parameter e in equations (1) and (2) is
changed by an amount de. Here we treat e as a small quantity and de as an
infinitesimal quantity. The new equation for the impermeable body from (1) will
be

y = (e + de)n(x) (6)

while the corresponding potential will be:

®=Ux + (e + de) o(x,y) or
or

o
n

Ux + ed(x,y) + deo(x,y) . (7)

Equation (7) indicates that at any point b shown in Figure 1 there will be a
change in the value of the potential function & by an amount d¢(x,y). We now
express the function d® about point b on the disturbance using the normal and
the tangential coordinates (n,t) as shown in Figure 1. We obtain

o oo
d@ = == dn + 5= dt + dep (x,y) . (8)
For any point on the impermeable boundary %% = 0, if we select dt =0

implying that we remain in a direction normal to a boundary, we obtain:

do = ded(x,y) . (9)

Equations (7 and 9) can be interpreted as follows: a change in @
given by de¢(x,y) has a directional quality. That is, this change is in the
direction normal to the boundary. In fact all points in the direction normal to
the boundary and on the boundary show a change de¢(x,y) or dd. A directional
inconsistency can therefore be seen in the classical theory, as (6) implies a
variation in the disturbance in the y direction, while the corresponding change
in potential given by (9) and implied by (7) is in the direction normal to
y = n{x). As the perturbation theory requires that the disturbance and the
disturber be treated together, our interpretation here 1is that the directional
relationship shown above must be included in the formulation. We therefore add
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the requirement that disturber and disturbance must change along the same
direction. The validity of equations (1) and (2) with the directional compat-
ibility will then be interpreted as follows. As the perturbance parameter e
changes the disturber maps into a new shape. During this mapping each point on
the impermeable boundary moves along a path normal to the boundary. Equation
(1) is therefore a rather simple description of the disturber and one must add
that as e»0, the projéction of the points on the disturber must be along the
direction normal to the surface defining the disturber. The classical ortho-
gonal projection along the y direction might therefore not be adequate. Whereas
in one-dimensional perturbation problems such a directional requirement does not
exist, in multi-directional problems it might be of certain importance. One
possible result of this linearization technique is that the projection required
by this method might give a region smaller, and different from the orthogonal
projection.

APPLICATION FOR AN ELLIPTIC STRUT

The requirement that the geometry of the disturbance must change in the
direction normal to the boundary as the disturbance parameter e is changed by an
amount de can be studied in various ways. The procedure used in this study is to
approximate the mapping of a point on the boundary by a suitable polynomial. The
general numerical procedure can be summarized as follows. Any point b in
Figure 1 1is assumed to map at point b'. The curve bb' is represented by a
parabola normal to the boundary at b. This procedure maps the disturber on a
segment on the x axis with a length less than the chord length. The leading edge
is mapped at an interior point. The corresponding shift of singularities is
equal to half of the local radius of curvature as given by Lighthill based on a
different criterion. The resulting linearized problem

V% =0 (10a)

= 0 (10b)
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is solved by the method of singularities. The application of G.C.L. to a
symmetric elliptical foil and a Joukouski Airfoil were reported earlier in
Calisal [4]. Here an application for a elliptic strut is defined as:

2)1/2 for --% CXC %- is presented.

y = £2 (1 - 4

The mapping of the points on the wetted surface to points on the centre-
line of symmetry is accomplished as explained above. As the waterline slope
remains constant at constant x values, the mapped region is divided in vertical
strips. A source distribution based on thin ship theory is assumed to represent
the model. 101 sources are used for this representation. The sources are
Tocated at the mid point of strips and at a vertical location

fg o(x,z) e KOZ 4,

z = -+ 1n
ko fg o(x,z) dz

where d is the draft of the strut. The wave resistance is then calculated by
the method described in Calisal [5] which uses a numerical far field wave survey

data.

RESULTS AND DISCUSSION

Results obtained for the wave resistance is presented in a graphical
form in Figure 2 and Figure 3. The resistance values given by G.C.L. are
observed to be lower than the values predicted by Michell, Hegner methods, but
higher in general than the zeroth order slender ship approximation method as
reported by Nobless [1983]. The amplitude of oscillations in the resistance
curve as given by G.C.L. method are seen to be less than the oscillations in the
classical Michell curve, but the order of magnitude remains still high.
Additional corrections or procedures seem to be necessary to include free
surface boundary condition properly in the formulation. We are currently
calculating the error in the ship boundary calculations, we will then proceed
into the calculation of error in the free surface boundary condition at the
calculated free surface.
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Wave Resistance Coefficient r as Defined by Nobless (1983)

TABLE 1

for the E1liptic Strut

[eXeXoXeXeXoXeXoXeNeNoXeXoNeNoNoNoNoReXoXoRoNoNoNoNoNoNo e RoNoRoRoNoRe Re oo NoRo NojoRoRoRo No o Ro o N o N o)

Froude
number fr

. 147400E+00
. 148100E+00
. 150800E+00
. 152500E+00
. 154300E+00
. 156200E+00
. 158 100E+00C
. 160100E+00
. 162200E+00
. 166700E+00
. 169000E+00
. 171500E+00
.174100E+00
. 176800E+00
. 179600E+00
. 182600E+00
. 185700E+00
. 188000E+00
. 182500E+00
. 186 100E+0O0
. 200000E+00
. 204 100E+0O0
. 208500E+00
.213200E+00
.218200E+00

223600E+00

.223400E+00
.235700E+00
.242500E+00
.250000E+00
.258200E+00
.267300E+00
.277400E+00
.288700E+00
.301500E+00
.316200E+00
.333300E+00
.345000E+00
.353600E+00
. 365000E+00
. 378000E+00
. 385000E+00
.408200E+00
.425000E+00
.447200E+00
.452000E+00
.465000E+00
.482000E+00
. 500000E+00
.577400E+00
.7071C0E+00

O(DO()O(DO()O()O()O(DO()O<DO(DO(DO(DOSDOSDO(DO(DO(DO(DO(DO<DO<DO<JO<DO<)O(DO

r*10Q/fr

. 188203E+01
. 158557E+01
. 176772E+01
.219637E+01
.242609E+01
.226656E+01
.18913BE+01

163529E+01

. 172480E+01
.235049E+01
.244843E+01
.210253E+01
. 158858E+C1
. 135956E+01
. 163402E+01
.225168E+01
.240478BE+01
.200802E+01
. 156770E+01
. 128467E+01

143686E+01
182522E+01

.206899E+01

193519E+01

. 150495E+01

114434E+01
111886E+01

.137615E+01

163844E+01

. 15852 1E+01
.127107E+01
.903480E+00
.760326E+00
.872974E+00
.104371E+01
. 105128E+01
.836377E+00
.661211E+00
.556739E+00
.449469E+00
.367151E+00
.320641E+00
.323401E+00
.346680E+00
.363B74E+00
.365413E+00
.35968B8E+00
.344646E+00
.318482E+00
.231584E+00
.104317E+00
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0000000000000 00C0000CO00000000000O0000O0VCO000000O000000

1/(fr>fr)

.460036E+02
. 450002E+02
.440004E+02
.429982E+02
. 420026E+02
.410020E+02
.399988E+02
.330016E+02
.380001E+02
.360017E+02
.349980E+02
.339979E+02
.330014E+02
.319983E+02
.310015E+02
.300012E+02
.290018E+02
.279996E+02
.269995£+02
.259989E+032
.249999E+02
.239986E+02
.230011E+02
.220000E+02
.210003E+02
. 200001E+02
.189992E+02
. 180009E+02
. 170003E+02

. 160007E+02
.149994E+02
. 139999E+02
. 129995E+02
. 120003E+02
. 110001E+02
.999869E+01
.899975E+01
.B40203E+01
.BOOO14E+01
.750595E+01
.699991E+01
.640890E+01
.600001E+01
.553591E+01
. 500003E+01
.489487E+01
.462498E+01
.430394E+01
.399999E+01
.299994E+01
. 199996E+01



TABLE II

Wave Resistance Coefficient r as Defined by
Nobless (1983) for the Elliptic Strut

O(DO(DO()O()O()O(DO()O(DO(DO()O(DO(DO()O(DO(DO(JO(D?SDO(DO(DPSDQ(DO(DO(JO()O

Froude
number fr

. 147400E+00
. 149100E+00
. 150800E+00
. 152500E+00
. 154300E+00
. 156200E+00
. 158 100E+00
. 160100E+00

162200E+00
166700E+00
169000E+00

. 171500E+00
. 174100E+00
. 176800E+00
. 179600E+00

182600E+00
185700E+00

. 189000E+00
. 192500E+00
. 186 100E+00
. 200000E+00
.204 100E+00
.208500E+00
.213200E+00
.218200E+00
.223600E+00
.229400E+00
.235700E+00
.242500E+00
. 250000E+00
.258200E+00
.267300E+00
.277400E+00
.288700E+00
.301500E+00
.316200E+00
.333300E+00
. 345000E+00
.353600E+00
. 36 5000E+00
. 378000E+00
. 395000E+00
.40B200E+00
.425000E+00
.447200E+00
.452000E+00
.465000E+00
.482000E+00
. 500000E+00
.577400E+00
. 707 100E+00

wave slop method

O(DO<>O(DO(30(30(30()O(JOC)O(DO()OlDO(DO(30(30(30(30(30(30(DO<DO<DO<DO<)O<DO

r*100/fr

.193308E+01
.161143E+01
. 177702E+01
.226687E+01
.257673E+01
.238371E+01
. 193704E+01
.158281E+01
.162232E+01
.242206E+01
.246066E+01
.207913E+01
.160146E+01
.144292E+01
. 173739E+01
.219860E+01
.235871E+O1
.205065E+01
.156572E+01
. 129776E+01
.146337E+01
. 1876 14E+01
.212214E+01
. 195480E+01

149997E+01

. 113714E+01
. 113B04E+O1
.143132E+01
. 168481E+01
.162162E+01
.126778E+01
.8395284E+00
.772620E+400
.900218E+00
. 106834E+01
. 106877E+01
.838333E+00
.664020E+00
.559935E+00
.453870E+00
.371703E+00
.324632E+00
.326426E+00
.355234E+00
.383898E+00
.401857E+00
.392260E+00
. 386080E+00
.380765E+00
.350545E+00
.201808BE+00
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O(DO<>O<DO(DO()O(DO()O(DO(DO(DO(DO(DO()O<DO<JO(DO<DO()O()O(JO(DO(DO(DO(DO()O

1/(fr*fr)

.460036E+02
.450002E+02
.440004E+02
.429982E+02
.420026E+02
.410020E+02
.399988E+02
.380016E+02
.3B0001E+0O2
.360017E+02
.349890E+02
.339979E+02
.330014E+02
.319983E+02
.310015E+02
.300012E+02
.230018E+02
.279996E+02
.269995E+02
.259989E+02
.249999E+02
.239986E+02
.230011E+02
.220000E+02
.210003E+02
.200001E+02
.189992E+02
. 180008E+02

170003E+02
160007E+02
149994E+02

.139998E+02
. 129995E+02
. 120003E+02
. 110001E+02
.999969E+01
.899875E+01
.840203E+01
.800014E+0O1
.750595E+01
.699991E+01
.640890E+01
.600001E+O1
.553591E+01
.500003E+01
.489487E+01
.462498E+01
.430394E+01
.398999E+01
.299884E+01
. 199996E+01
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A SEMI-EMPIRICAL METHOD FOR WAVE RESISTANCE PREDICTION

by
A. Yucel Odabasi

The British Ship Research Association,
Wallsend, Tyne and Wear, NE28 6UY. England.

1 INTRODUCTION

While the studies on theoretical wave resistance have been continuing with the
aim of producing more reliable formulations and efficient solution techniques, it
appears that the current state of the art does not provide a sufficiently accurate
and flexible method for design office use. To satisfy this need for the British
Shipbuilding industry a study has been undertaken by BSRA to produce a semi-
empirical method. The basis of the method has been taken from thin ship theory[l].
Certain modification has been made to overcome some inherent inaccuracies within the
formulation. The resulting formulae have been further modified through a regression
analysis based on a data base established from BSRA methodical series test
reSults[Z] and some Japanese and German data. Recently, a more homogeneous data
base has been set up as a part of the (NSMB) Co-operative Research Activity which
also led to some additional modifications in the formulations. This note describes
the original BSRA method development since the latter is still in the process of

being validated.

2 THE METHOD DEVELOPMENT
In a co-ordinate system shown in Fig.l the wave resistance of a ship, according

to the thin ship theory, may be expressed as:

/2
RS 2g2p / (w) i % + % sec>9 do
=/
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where P and Q are, respectively, the cosine and sine components of the generated

wave system, given by:

P L/2 0 3 ,  cos
} = f f 2 exp (kzsec™9) (kxsec9) dz dx,

Q /2 -1 %% sin
and k.=g/V2 is the wave number, g is the gravitational acceleration, p is the density
of water, V 1s the forward speed, L is the length, T is the draft of the ship, and
y=y(x,z) is the equation of ship surface.

When this expression 1s utilised in its original form it produces unrealistic
waviness in low and medium speed ranges, and even if one attempts to smooth the
results over a given speed range the magnitudes and slopes are not necessarily
correct. In the past several attempts have been made to utilise thin ship theory to
derive empirical or semi-empirical predictor formulae, cf.[3-5]. Within the

approach adopted at BSRA the following basic assumptions have been employed:

1 Oscillatory nature of the wave resistance prediction stems from both the

2
bow-stern wave interaction and the contribution of exp(kzsec 8) term.

2 Tail ends of the wave spectra are generally inaccurate and sometimes
misleading.
3 It is more preferable to apply a co-ordinate straining along x—-direction.

As a result the wave making of fore-body and aft-end, in the low and medium speed
range, were calculated separately and integration in P and Q were carried out
through a special scheme which acts 1like a low-pass filter, i.e. deliberate
introduction of numerical diffusion.

Computations carried out with these provisions indicated that the predicted
wave resistance curves were smooth, provided that 6 integration was carried out
through a weighted summation.

The next task to be achieved was the correction of magnitude and gradients,
which required the performance of a regression analysis. The data base was formed
from the model test results of BSRA Methodical Series and published Japanese and

West German data. Since the wave pattern data was practically non—existent, the
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model wave resistance was derived through a form factor method from total resistance
curves. Results obtained in this way were quite satisfactory for high and medium
speed forms. In the low speed range the scatter was quite considerable and trend
analyses indicated that this was partly due to the presence of wave breaking in some
model tests. The data collected in that way was parted into two groups; commercial
form range (covering low and medium speed data) and high speed form range. In each
group a data screening exercise was undertaken to reduce bias as much as possible.
Regression was performed on a log-log basis to obtain formulae. Trends showed that
the computed wave resistance contributed in an exponential form in the commercial
speed range. Figure 2 shows the predicted versus measured results for the

commercial speed range data base.

3 APPLICATION OF THE METHOD

During the last four years this semi-empirical method has been used for both
prediction and form improvement purposes. Within the context of this workshop three
hulls were selected; Wigley form, Series-60 (CB=O.6O) hull and HSVA tanker form,
representing all three speed ranges. Results are represented in Figs.3 to 5 and
Table 1. 1In these figures the range of the measured data are also illustrated.

An inspection of the results indicate that for the Wigley form humps and
hollows of the measured data are not well predicted although the computed results
indicate flatnesses in these regions. This is partly due to the original intention
in the derivation of the semi-empirical method which aimed at eliminating them. The
result however is generally satisfactory.

For the Series—60 hull performance of the method is quite satisfactory and
within the limits of measured data.

For the HSVA tanker form the trend is predicted correctly but the estimated
magnitude is higher than measured values. This difference may be attributable to
the presence of wave breaking resistance in some of the data employed in the
regression analysis. Since, however, the wave making component of resistance for
this type of hull, at the Froude numb<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>